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Recap from Last Time _\g(“.

Karlsruhe Institute of Technology

* Up to now...

* Learned about the power of local gauge theories...
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Recap from Last Time ..\g(“.

Karlsruhe Institute of Technology

* Up to now...

* Learned about the power of local gauge theories... and their weaknesses.
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Recap from Last Time ﬂ(“.

Karlsruhe Institute of Technology

* Up to now...

* Learned about the power of local gauge theories... and their weaknesses.

* Learned about a way out — keep the symmetries in theory but not in praxis
(spontaneous symmetry breaking).
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Recap from Last Time ﬂ(".

Karlsruhe Institute of Technology

* Up to now...
* Learned about the power of local gauge theories... and their weaknesses.

* Learned about a way out — keep the symmetries in theory but not in praxis
(spontaneous symmetry breaking).

* Made a walk through the SM all inclusive.

All inclusive
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Recap from Last Time _\g(“.

Karlsruhe Institute of Technology

* Up to now...

* Learned about the power of local gauge theories... and their weaknesses.

* Learned about a way out — keep the symmetries in theory but not in praxis
(spontaneous symmetry breaking).

* Made a walk through the SM all inclusive.

* Learned how to get from L to real measurements and how higher order in
perturbation theory affect real measurements.

* Reviewed what needs to be done to actually do these experimental
measurements.

* Reviewed the statistical methods/tools needed to search for the Higgs boson.

(] Institute of Experimental Particle Physics (IEKP)



Recap from Last Time (Limits on POIs)

AT

Karlsruhe Institute of Technology

* Our pdf's usually depend on another parameter, which is the actual POI ( ¢ in SM,

tan 5 in MSSM case).

* Traditionally we set 95% CL upper limits on this POI.
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* pdf's move apart from
each other.

* The more separate the
pdf's are the more Hy &
H, are distinguishable.

* Find POI,; for which:
Iror = [ pdf = 0.05

for this POI; in 95% of all
toys ¢ > qobs -
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Recap from Last Time (Limits on POISs) ..\X‘(IT

Karlsruhe Institute of Technology

* Qur pdf's usually depend on another parameter, which is the actual POI ( & in SM,
tan 5 in MSSM case).

* Traditionally we set 95% CL upper limits on this POL.

é 95% CL Upper Limit: art from
* POI; is the value at which in case that H; is the true hypothesis rate the
the chance that ¢ = gobs is 95%. hore H, &
: : ishable.
 Still there is a chance of 5% that ¢ < gops . IShabie
T — which:
: . df = 0.05
* Assume our POl is p: does the 90% CL upper limit on p / .
correspond to a higher or a lower value too%? —9 It's lower! ! 99% of all
Ho0% 1% bability of ¢ to be “
probapility oT g 10 be more
Ho5% } background like” than g,ys.
£90% ———— 10% ﬂ
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Recap from Last Time (Effects of loop corrections) ._\X‘(IT

Karlsruhe Institute of Technology

« We have only discussed contribution to Sy;, which are of order o' in QED.
(e.g. LO ee — ee scattering) .

 Diagrams which contribute to order o* would look like this:

Additional legs: Loops:

Vay--{\/a
>¢& f>¢©f<f

(loops in propagators or legs) (loops in vertexes)
* LOtermfora 2 — 4 * Modify (effective) * Modify (effective)
process. masses of particles couplings of particles
* NLO contrib. for the (“running masses”). (“running couplings”).

2 — 2 process.
* Open phase spaces.

9 Institute of Experimental Particle Physics (IEKP)



Quiz of the Day

* No quizzing around any more... this is real life!
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Quiz of the Day

* No quizzing around any more... this is real life!

Bud Sp'"encer = Carlo Pedersoli
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Schedule for Today

Distribution of Seminar Topics
at the end of this lecture!

Direct Higgs Boson
searches at LEP and
Tevatron.

Indirect constraints on
m g from high precision
measurements.

12 Institute of Experimental Particle Physics (IEKP)



High Precision Measurements @ LEP & SLAC ﬂ(".

Karlsruhe Institute of Technology

RTINS

More as Seminar Talk: arXiv:hep-ex/0509008

13 Institute of Experimental Particle Physics (IEKP)


http://inspirehep.net/search?ln=de&p=hep-ex/0509006&of=hb&action_search=Suchen
http://inspirehep.net/search?ln=de&p=hep-ex/0509006&of=hb&action_search=Suchen

Higher Orders on Precision Observables ..\X‘(IT

Karlsruhe Institute of Technology

* Particles, which cannot be directly observed at lower energy scales, still have
influence on observables, due to higher order corrections in loops.

The Higgs/top in propagator loops: The top in vertex loops:

AN
ZIW Z\W v,ZIW ~ v,Z/\W
fif )
e
H
o7 et b
ZIW ZIW w
Z/W t

e b

* Introduce direct dependencies of effective (measurable) vector boson masses
and couplings on m g & my.

14 Institute of Experimental Particle Physics (IEKP)



Higher Order Corrections to my,

AT

Karlsruhe Institute of Technology

* Higher order corrections to mw :

Aa = Aagep + Adtop + Aaflz)d

3 cos? Oy

1

) AT:AC)&+ATW

Ary (Mg, mp) >~ ——< o (_

2
16 sinZ By TZL‘Q;/ + ;}llog (mH/mZ))

2
ocmt‘\/

x log (mp)

« Effects setin at O(a?) ~
and theoretical prediction!

0104

15

) — high precision needed on observables
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Higher Order Corrections to my, _\g(“.

Karlsruhe Institute of Technology

* Higher order corrections to mw :

16

Ty ——= (1—|—\/1— \TGFmZ'l—lAr) Ar = Ao+ Ary

Aa = Aagep + Aaop + Ay 4

(5)

2 2
Ary (mg, mp) ~ -5 O 136 sin? g:VV ;zn%;/ ™ %}llog (mH/mZ))
o m?
x log (my)

Largest theoretical
uncertainty.

Effects setin at O(a?) ~ O(10™%) — high precision needed on observables

and theoretical prediction!

Institute of Experimental Particle Physics (IEKP)



High Precision Observables @ LEP

AT

Karlsruhe Institute of Technology

* High precision measurements made at /s = mz during LEP-I run period:

17

Cross-section (pb)

[
(=]
wn
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[
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Centre-of-mass energy (GeV)

S ! o o Year || Centre-of-mass | Integrated
Z energy range | luminosity
(GeV] [pb~"]
3 e’e"—hadrons E 1939 [ 882 94.2 1.7
. 1990 88.2 — 94.2 8.6
\\ 1991 88.5 — 93.7 18.9
3 \ 1992 91.3 28.6
1993 || 89.4, 91.2, 93.0 40.0
™ 1994 91.2 64.5
3 1995 || 89.4, 91.3, 93.0 39.8
. TRIETAN SLC 202.1
R 5 ] « 15-10° Z = q¢ events
. LEPL  TEPI 3 D017 events
0 20 40 60 80 100 120 140 160 180 200 220
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Typical Z - ¢; Event @ LEP AT

18 Institute of Experimental Particle Physics (IEKP)



Z-pole Electroweak Precision Observables

AT

Karlsruhe Institute of Technology

19

Pseudo-Observable Measured Value
Aa'® (my) 0.02758 + 0.00034
myz [GeV] 91.1875 + 0.0021
'z [GeV] 2.4952 4+ 0.0023
op. 4 [nb] 41.540 + 0.037

RY 20.767 4+ 0.025

Ry 0.21629 + 0.00066
RY 0.1721 £ 0.0030
A%L 0.0171 4+ 0.0010
A%RY 0.0992 + 0.0016
A%S 0.0707 4 0.0035
sin? 9P 0.2324 + 0.0012
Ai(Pr) 0.1465 + 0.0033
Ay 0.923 4+ 0.020
A, 0.670 =+ 0.027
A;(SLD) 0.1513 + 0.0021

(as of arXiv:hep-ex/0509008)

* 15 observables.

* Precision between O(10-?) for my

& O(1072) for A;(SLD) (incl. theoreti-
cal uncertainties).

 Exploit dependencies x m; and
o log (mu) of higher orders via
relations in my and sin ..

NB: Using similar relations
with the same dependencies
as shown on slide 15f for myy .

Institute of Experimental Particle Physics (IEKP)



Shlft Aaﬁad (mz)

AT

Karlsruhe Institute of Technology

20

Pseudo-Observable Measured Value
Act®) (mz) 0.02758 =+ 0.00034
mz [GeV] 91.1875 + 0.0021
Tz [GeV] 2.4952 + 0.0023
ol 4 [nb] 41.540 + 0.037

R 20.767 + 0.025

R} 0.21629 4  0.00066
RY 0.1721 4+ 0.0030
A%l 0.0171 + 0.0010
A%b 0.0992 + 0.0016
AVS 0.0707 + 0.0035
sin® 6P 0.2324 + 0.0012
A(Pr) 0.1465 + 0.0033
Ap 0.923 4+ 0.020
A, 0.670 =+ 0.027
A;(SLD) 0.1513 + 0.0021

(as of arXiv:hep-ex/0509008)

« Ao}, (mz) as obtained from
independent measurements at
lower energies.

Institute of Experimental Particle Physics (IEKP)



Z-pole Observables

AT

Karlsruhe Institute of Technology

Pseudo-Observable Measured Value
Act®) (my) 0.02758 + 0.00034
my [GeV] 91.1875 + 0.0021
Tz [GeV] 2.4952 + 0.0023
ol 4 [nb] 41.540 + 0.037

R} 20.767 £+ 0.025

R} 0.21629 4  0.00066
RY 0.1721 £+ uv.uvou
A%l 0.0171 + 0.0010
A%b 0.0992 + 0.0016
AVS 0.0707 + 0.0035
sin® 6P 0.2324 + 0.0012
Ai(Pr) 0.1465 + 0.0033
Ap 0.923 + 0.020
A, 0.670 + 0.027
Ai(SLD) 0.1513 =+ 0.0021

(as of arXiv:hep-ex/0509008)

21

= ' ' 'Gol

5 L ngeene e e s Sagaeaas >

S0 Z—qq 7\ ]
S | ALEPH P
© DELPHI I \
I L3 / \

30 + OPAL / \ i

20 .

L @ measmementsl[ermrbars /
increased by factor 10) .F

10 —— o from fit
: ----- QED corrected

"
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Z-pole Observables

AT

Karlsruhe Institute of Technology

Pseudo-Observable Measured Value %
Act®) (my) 0.02758 + 0.00034 =
mz [GeV] 91.1875 <+ 0.0021 5
'z [GeV] 2.4952 £ 0.0023
agad [nb] 41.540 £+ 0.037
D0 aN mee ! N NOE

After correction for HO effects. €t—— |

Actual measurement. €—— |

ISR up to O(a?).

FSR up to O(a?) and O(a - ay).

ISR FSR interference effects up to O(«).

Since corrections are sizable these variables are

referred to as “pseudo-observables”.

Ll

L3

— © from fit

./

QED correct

22
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AT

Karlsruhe Institute of Technology

Partial Decay Widths

Pseudo-Observable Measured Value % L ' 'O_ul
L r  pessssssssssssssssissss )
Act®) (my) 0.02758 + 0.00034 L 0r Zoqq A :
myz [GeV] 91.1875 4+ 0.0021 & [ perem {i
I'z [GeV] 2.4952 4+ 0.0023 wl o [ ;
ol . [nb] 41.540 =+ 0.037 - O\
RY 20.767 + 0.025 -
RY 0.21629 + 0.00066 20 -
R(c) 01721 :l: 00030 measurements (error bars /
A%L 0.0171 + 0.0010 I /A
AL 0.0992 + 0.0016 T QD corrested
A%S 0.0707 £ nones | b =
sin” 0P 02324 + 0.0012 TS T T a—
A (Pr) 0.1465 =+ 0.0033 E_ [GeV]
Ay 0.923 + 0.020
A 0.670 =+ 0.027 Ratios of partial decay widths
A;(SLD) 0.1513 =+ 0.0021 " T .
0 J— a —_— ccC O
(as of arXiv:hep-ex/0509008) Ry = Fhud R = o R pﬁb:d
PO UhadeZ F2Z
had 127 Tee

23 Institute of Experimental Particle Physics (IEKP)



Asymmetries (— sensitive 10 sin 0.¢)

AT

Karlsruhe Institute of Technology

Pseudo-Observable Measured Value
Act®) (my) 0.02758 + 0.00034
my [GeV] 91.1875 + 0.0021
'z [GeV] 2.4952 + 0.0023
ol 4 [nb] 41.540 + 0.037

R 20.767 + 0.025

R} 0.21629 4  0.00066
RY 0.1721 4+ 0.0030
A%L 0.0171 + 0.0010
A%E 0.0992 + 0.0016
A%S 0.0707 4+ 0.0035
sin® 6P 0.2324 + 0.0012
Ai(Pr) 0.1465 + 0.0033
Ay 0.923 + 0.020
A, 0.670 + 0.027
Ai(SLD) 0.1513 =+ 0.0021

* Z boson has different coupling to

left- and right-handed fermions.

* Leads to:

* net polarization in final states.

 different rates on polarized beams.

(as of arXiv:hep-ex/0509008)

24

9% +9% f e f
gv| _1_ . 2
i |, = 1 —4|Q 7| sin” Oegr

0,f _ 3
AFB —ZAeAf

<P2> =-A;

Institute of Experimental Particle Physics (IEKP)



Asymmetries (— sensitive 10 sin 0.¢)

AT

Karlsruhe Institute of Technology

Pseudo-Observable Measured Value
Act®) (my) 0.02758 + 0.00034
myz [GeV] 91.1875 4+ 0.0021
'z [GeV] 2.4952 + 0.0023
o | [nb] 41.540 + 0.037

R 20.767 + 0.025

R} 0.21629 4  0.00066

RY 0.1721 4+ 0.0030
A0

§F Forward-Backwad
ﬁgj}f Asymmetry

FB

sin? Héeﬂ?

Ai(Pr) 0.1465 =+ 0.0033
Ap 0.923 £ 0.020
A 0.670 + 0.027

A;(SLD) 0.1513 4+ 0.0021

(as of arXiv:hep-ex/0509008)

25

* Z boson has different coupling to
left- and right-handed fermions.

* Leads to:

* net polarization in final states.

 different rates on polarized beams.

Ay

97 —9%
97 +9%

f

— 2g9vga

9% +9%

=1-— 4|Qf| sin2 eeff

=3 A A;

— _A

f

Institute of Experimental Particle Physics (IEKP)



Asymmetries (— sensitive 10 sin 0.¢)

AT

Karlsruhe Institute of Technology

* Z boson has different coupling to

left- and right-handed fermions.

* Leads to:

* net polarization in final states.

 different rates on polarized beams.

Pseudo-Observable Measured Value
Act®) (my) 0.02758 + 0.00034
myz [GeV] 91.1875 + 0.0021
'z [GeV] 2.4952 4+ 0.0023
ol . [nb] 41.540 + 0.037

R 20.767 + 0.025

R} 0.21629 4  0.00066
RY 0.1721 4+ 0.0030
A%l 0.0171 + 0.0010
A%b 0.0992 + 0.0016
AVS 0.0707 + 0.0035
sin® 6P 0.2324 + 0.0012
Al (P’T) )
As Left-Right
A, Asymmetry
A;(SLD)

(as of arXiv:hep-ex/0509008)

26

9% +9% f e f
gv| _1_ . 2
i |, = 1 —4|Q 7| sin” Oegr

0,f _ 3
AFB —ZAeAf

<P2> =-A;

Institute of Experimental Particle Physics (IEKP)



Asymmetries (forward backward, exclusive)

AT

Karlsruhe Institute of Technology

27

Pseudo-Observable Measured Value
Act®) (my) 0.02758 + 0.00034
my [GeV] 91.1875 + 0.0021
'z [GeV] 2.4952 + 0.0023
ol 4 [nb] 41.540 + 0.037

R 20.767 + 0.025

R} 0.21629 4  0.00066
RY 0.1721 4+ 0.0030
A%l 0.0171 + 0.0010
A%E 0.0992 + 0.0016
A%S 0.0707 4+ 0.0035
sin® 6.5 0.2324 + 0.0012
Ai(P;) 0.1465 + 0.0033
Ay 0.923 + 0.020
A, 0.670 + 0.027
Ai(SLD) 0.1513 =+ 0.0021

(as of arXiv:hep-ex/0509008)

0.4 —r——————————

_— ALEPH
Ay from fit DELPHI
I ====== QED corrected 3

+ average measurements

Agp(L)

e G — -

f
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Asymmetries (forward backward, inclusive)

AT

Karlsruhe Institute of Technology

Pseudo-Observable Measured Value
Act®) (my) 0.02758 + 0.00034
myz [GeV] 91.1875 + 0.0021
Tz [GeV] 2.4952 + 0.0023
ol 4 [nb] 41.540 + 0.037

R 20.767 + 0.025

R} 0.21629 4  0.00066
RY 0.1721 4+ 0.0030
A%l 0.0171 + 0.0010
A%b 0.0992 + 0.0016
A%S 0.0707 + 0.0035
sin® 6P 0.2324 + 0.0012
A (Pr) 0.1465 =+ 0.0033
Ap 0.923 4+ 0.020
A, 0.670 =+ 0.027
A;(SLD) 0.1513 + 0.0021

(as of arXiv:hep-ex/0509008)

28

* Determined from inclusive
hadronic forward-backward
charge asymmetry mea-
surements at LEP.

* Usually directly expressed in
terms of sin” 6%

e.g. determined
by jet charge

q
B F

e G — -

q

Institute of Experimental Particle Physics (IEKP)



Asymmetrles (left-right couplings from 1 polarization) \\‘(IT

Karlsruhe In:

stitute of Technology

29

Pseudo-Observable Measured Value
Act®) (my) 0.02758 + 0.00034
myz [GeV] 91.1875 + 0.0021
Tz [GeV] 2.4952 + 0.0023
ol 4 [nb] 41.540 + 0.037

R 20.767 + 0.025

R} 0.21629 4  0.00066
RY 0.1721 4+ 0.0030
A%l 0.0171 + 0.0010
A%b 0.0992 + 0.0016
AVS 0.0707 + 0.0035
sin® 6P 0.2324 + 0.0012
A (Pr) 0.1465 =+ 0.0033
Ay 0.923 4+ 0.020
A, 0.670 =+ 0.027
A;(SLD) 0.1513 + 0.0021

(as of arXiv:hep-ex/0509008)

* 1is the only fermion at LEP
where polarization information

can be derived from.

Example: 7~ — 7 Vs

Aa
1/5 1/2 0 |
> - 2
— 0
T 3
D
01+ - h o ALEPH' '+' ]
P DELPHI + 1
0 E L3 .
! OPAL llr

. I T N S T I
-1 -08 -06 -04 -02 O

M
02 04

Jlj\lll\l-
06 08 1
cosO._.
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Asymmetrles (left-right couplings from 1 polarization) \\‘(IT

Karlsruhe Institute of Technology

Pseudo-Observable Measured Value
Act®) (my) 0.02758 + 0.00034
myz [GeV] 91.1875 + 0.0021
Tz [GeV] 2.4952 + 0.0023
ol 4 [nb] 41.540 + 0.037

R 20.767 + 0.025

R} 0.21629 4  0.00066
RY 0.1721 4+ 0.0030
A%l 0.0171 + 0.0010
A%b 0.0992 + 0.0016
AVS 0.0707 + 0.0035
sin® 6P 0.2324 + 0.0012
A (Pr) 0.1465 =+ 0.0033
Ay 0.923 4+ 0.020
A, 0.670 =+ 0.027
A;(SLD) 0.1513 + 0.0021

(as of arXiv:hep-ex/0509008)

30

7T moves in opposit
direction of 7 spin!

* 1is the only fermion at LEP
where polarization information
can be derived from.

Example: 7 — 7w,

02

e/

04 [ | | 1 I | l l 1 1 ]
-1 -08 -06 -04 -02 0 02 04 06 08 1

cosO._.

no universality
niversality

Institute of Experimental Particle Physics (IEKP)



Asymmetries (left-right couplings @ SLD/SLAC)

AT

Karlsruhe Institute of Technology

Pseudo-Observable Measured Value
Act®) (my) 0.02758 + 0.00034
my [GeV] 91.1875 + 0.0021
'z [GeV] 2.4952 + 0.0023
ol 4 [nb] 41.540 + 0.037

R 20.767 + 0.025

RY 0.21629 + 0.00066
RY 0.1721 4+ 0.0030
A%l 0.0171 + 0.0010
A%b 0.0992 + 0.0016
A%S 0.0707 4+ 0.0035
sin® 6P 0.2324 + 0.0012
Ai(P;) 0.1465 + 0.0033
Ay 0.923 + 0.020
A, 0.670 + 0.027
Ai(SLD) 0.1513 =+ 0.0021

(as of arXiv:hep-ex/0509008)

31

 Measured with polarized e beam
with the SLD experiment at
SLAC.

532 nm
Frequency Doubled
YAG Laser

el Circular Polariser

Focusing
and

SLD < Steering Lens

Laser Beam __"
Analyser and Dum p/
“Compton IP"

Analysing
Bend Magnet

( Mirror Box |
presarves circular
. polarisation)

Compton
/F Back Scattered e~

Polarised Gamma__~ \ Quartz Fiber
Counter V Calorimeter

Institute of Experimental Particle Physics (IEKP)



Asymmetries (sensitivity to m: and my) ﬂ(".

Karlsruhe Institute of Technology

Lepton universality!

Light Higgs boson preferred.

-0.032 ——————————————
[ Im=178.0 + 4.3 GeV
M= 114..1000 GeV -
-0.035 - )
>
o
-0.038 - A
Aat
BB% CL
-0.041

0503 -0502 -0501 -05
Oal

32

0.l

A
A(P.)

. 0.23099 + 0.00053

- 0.23159 £+ 0.00041

—v— 0.23221 + 0.00029
* 0.23220 + 0.00081
# 0.2324 + 0.0012

Ir 0.23153 + 0.00016

vidof:118/5

m&a = 0.02758 £ 0.00035
Mm-a:llTS{} 43 GeV

1 {'.l..‘?.l'SE | A {]234
lep
sin G
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Additional measurements for maximal sensitivity .&\‘(lT

slogy

33

Pseudo-Observable Measured Value
mwy [GeV] 80.385 <+ 0.015
Iy [GeV] 2.085 £+ 0.042
my¢ |GeV] 173.2 + 0.9
(as of March 2012)
CDF -01 1291 1.0
DY - 1749+1.4
Average I 173.2+0.9
%°/DoF: 6.1/ 10
LEP1/SLD A 1726 % 22
LEP1/SLD/m,,/T}, * 1797 £ &2
160 170 180 190
m, [GeV]

TEVATRON —e— 2.046 + 0.049
LEP2 —=—— 2.195+0.083
Average - 2.085 £ 0.042
{/DoF: 24/ 1
pp indirect — 2.141 £ 0.057
LEP1/SLD N 2.091 +0.003
LEP1/SLD/m, r 2.091+0.002
2 2.2 2.4
I'y [GeV]
TEVATRON 80.387 +0.016
LEP2 80.376 + 0.033
Average 80.385+0.015
/Do 0.1 /1
NuTeV A 80.136 + 0.084
LEP1/SLD —at 80.362 + 0.032
LEP1/SLD/m, a7 80.363 + 0.020
éO 86.2 86.4 86.6
my, [GeV]

Institute of Experimental Particle Physics (IEKP)



Sensitivity (sensitivity tom; and my )

AT

Karlsruhe Institute of Technology

34

slnzam(e‘e‘}
sin“8,,(vN)
gr(vN)
galvN)

T 1 L
my estimate

*preliminary

0 02 04 06 08 1
100" °/M | §(M,)/c™e2

A(SLD)
slnzaﬁiiﬁm}

MI

Qy{Cs)
sinaﬂm (e e)
sin0,(vN)
gLivN)
gr(vN)

lbgr(vﬁ HI) estimate

*preliminary

0 02 04 06 08 1
190"*°/3logM, | 8(logM,,)/c™**
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Parameter Estimate

XIT

Karlsruhe Institute of Technology

 Five parameter x*fit: Measurement Fit AomEﬂf “tgcr”%z

g332PID Fit of Z-pole |
3T Jigg observables m, [GeV] 91.1875+0.0021 91.1874
s =t only: I, [GeV] 24952 + 0.0023 2.4959
z N | @
= — |~ X2 [ndof = 16/10 op.,[nb]  41.540+0.037  41.478

25 8|g P(x2) =9.9% FtILH 20.767 £0.025  20.742
v e N8 A 0.01714 + 0.00095 0.01645
28y (2005) o ki avaoiie
Il g A(P.) 0.1465+0.0032  0.148f
- _£23l& R, 0.21629 + 0.00066 0.21579
© - SRG|E Fit of Z-pole R, 0.1721+0.0030  0.1723
T observables + A0 0.0992+0.0016  0.1038
L . T . (2
S22 2| aa® mg| | W T ™ “ o, 0.0707 £0.0035  0.0742
=) CT: — : : ac 180 Z

had Xz/ndof _ 16.9/13 A, 0.923 + 0.020 0.935

= e A 0.670 + 0.027 0.668
o === |, 2) =20.2 :
S8 8o |a(mz) POC) % A(SLD) 0.1513+£0.0021  0.1481
L (2012)  gin2g°(Q ) 02324400012 0.2314
X1 = i my, [GeV] 80.385+0.015  80.377
- r,, [GeV] 2.085 + 0.042 2.092
=25 my m, [GeV]  173.20£0.90 173.26
= log(™#/Gev) 0o 1 2 3

—
—_
~
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(as of arXiv:hep-ex/0509008)
http://lepewwg.web.cern.ch/LEPEWWG/winter12_results
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Main Result

AT

Karlsruhe Institute of Technology

80_5 MarchZD:E : : I : :
[CJLHC excluded

| —LEP2 and Tevatron
{ wass; LEP1 and SLD
68% CL

-
3 -
--------

.
-
-
.
.
-®
"L
-
e

. | . IGOU il
155 175
m, [GeV]
Z-pole + mw + L'y
my = 178.1 £109 GeV

36

6 March 2012 m . =152 GeV
) @
5 - H 3 Aahad - :
3 3 —0.02750+0.00033
i T e 0.02749+0.00010
4 - . '-.. s++ incl. low Q% data .:
> g
35 3
B
1 e
JieEE LHC
0 excluded / excluded
40 100 200

m,, [GeV]
Z-pole + myy+ L'y + my
mpyg = 98 :t%? GeV
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Pre-Discovery Constraints on m; & mpy ..\X‘(IT

Karlsruhe Institute of Technology

* Consistency checks of the SM I L B

turned out as great success: 200__ )
* Constraints on m; spot on with { { } E (X $ 1
direct measurements before —> -
discovery! 150 - 7
: ¢ Tevatron
* Constraints on m in good 1 [ SM constraint
agreement with direct measu- ' 68% CL
: | - 1
rements before discovery! 100 - |
Direct search lower limit (95% CL)
20

1990 1995 2000 2005
Year
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Direct Searches ﬂ(".

Deutschland

Karlsruhe Institute of Technology

Higgs Boson...

Google-Suche Auf gut Glick!

Google.de angeboten auf: English

More as Seminar Talk: arxiv:hep-ex/0306033
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Direct Searches @ LEP

AT

Karlsruhe Institute of Technology

* Main production mode in eTe™:

?

* Higgs boson couples to mass.

* Strongest coupling to heaviest objects.

39

5’3
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Direct Searches @ LEP ..\X‘(IT

Karlsruhe Institute of Technology

* Main production mode ine*e™:

* Higgs boson couples to mass.

* Strongest coupling to heaviest objects.

5’3
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Direct Searches @ LEP

AT

Karlsruhe Institute of Technology

Main production mode in ete™

. . - =T
Integrated luminosities in pb

ALEPH DELPHI L3 OPAL | LEP
Vs > 189 GeV 629 608 627 596 | 2461
Vs > 206 GeV 130 138 139 129 536
3105 T T | T T TTT T T T
H 7
g 04l | |
7 10 ¢‘e —hadrons E
S PN
103 3 \ =
 Higgs boson couples to mass. SN
. [l . 2 = -
* Strongest coupling to heaviest objects. 10 | E
g}]lfzp-n TRISTAN qLC 1
g o LEPI LEP II f :
02020 60 80 100 120 140 160 180/ 200 220
Centre-of- maSS/Z;gy (GeV)
Year 1997 1998 1999 2000 /
Ecy nominal [GeV] 183 189 192 196 200 202 205 207

41
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Direct Searches @ LEP ..\X‘(IT

Karlsruhe Institute of Technology

Main production mode in ete™

. . - =T
Integrated luminosities in pb

ALEPH DELPHI L3 OPAL | LEP
Vs > 189 GeV 629 608 627 596 | 2461
Vs > 206 GeV 130 138 139 129 536
3105 T T | T T TTT T T T
H 7
% 0% ¢‘e —hadrons E
S PN
103 3 \ =
* Higgs boson couples to mass.
. [l . 2 = -
* Strongest coupling to heaviest objects. 10 | E
g}]lfzp-n TRISTAN qLC 1
g o LEPI LEP II f :
02020 60 80 100 120 140 160 180/ 200 220
Centre-of- maSS/Z;gy (GeV)
Year 1996 | 1997 1998 1999 2000 /
Ecy nominal [GeV] 161 172 183 189 192 196 200 202 205 207

What was the maximal reach on my at LEP? ﬂ
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Direct Searches @ LEP ..\X‘(IT

Karlsruhe Institute of Technology

Main production mode in ete™

. . - =T
Integrated luminosities in pb

ALEPH DELPHI L3 OPAL | LEP
Vs > 189 GeV 629 608 627 596 | 2461
Vs > 206 GeV 130 138 139 129 536
3105 T T | T T TTT T T T
H 7
% 0% ¢‘e —hadrons E
S PN
103 3 \ =
* Higgs boson couples to mass.
. [l . 2 = -
* Strongest coupling to heaviest objects. 10 | E
g}]lfzp-n TRISTAN qLC 1
g o LEPI LEP II f :
02020 60 80 100 120 140 160 180/ 200 220
Centre-of- maSS/Z;gy (GeV)
Year 1996 | 1997 1998 1999 2000 /
Ecy nominal [GeV] 161 172 183 189 192 196 200 202 205 207

What was the maximal reach on m g at LEP? » my ~ 117 GeV ﬂ
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Test Statistic (LEP, remember last lecture)

AT

Karlsruhe Institute of Technology

SkSk+kak
Sp+bk

Lorp = Hk: , ((Sk-;l;k) b o= (sktbr) | H
Ly = Hi;v:1 (lr,)fve_bk H;&Q bkbfk>
Q =g =TI (e - TIE, 5e™)
¢ =-2mQ =25, (sk— X5k In (145

)

)

44

What values of @ and ¢
correspond to more
signal/background like?

5’3
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Test Statistic (LEP, remember last lecture)

AT

Karlsruhe Institute of Technology

Ly, = Hk; 1 (
Q s—|—b

q _—

(5k+bk) k —(sk+b
S+b — Hk} 1 ( ?”L].c (Sk k)

—2InQ = 222\[:1 (Sk —> 2 In (1—1—

Sk Sk+br Bk
Sp+bk

T2

nk —bk . an b By
J=1 by

Hk 1 ( ook H?il

Sk Sk+bi By
br B

SkSk
br B

45

signal

210
20 F O

30 Dilool

0

background

E —— Observed
P Expected for hackgmund

-+ Expected for signal p]us background

PN B B RN BV I
106 108 110 112 114 116 118 120

mH(GeV/cz)

5’3
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Test Statistic (LEP, remember last lecture)

AT

Karlsruhe Institute of Technology

Ly

Q

(5k+bk) k —(sk+b
S+b — Hk} 1 ( ?”L].c (Sk k)

Sk Sk+br Bk
Sp+bk

. Hm‘v‘
.]:
b b by, B
_Hk; 1( knyil kbkk:>
b N
3+ Hk 1 ( HJ:l

=—2InQ = 222\[:1 (Sk —> 2 In (1—1—

Sk Sk+bi By )

br Bg
SkSk
br B

= S ot

= =) =

& = b
T T T

Probability density

=

=

=
T

0.01 -

LEP
my, = 110 GeV/e?

46

60

T20 40 60

-2In(Q)

&

=

[ ".'
[ S
o[ -
ok

signal

210

20 |

0

background

E e Observed
-------- Etpecmd for hackgmund

= E \pLLlLll for signal p]us background

S P A D B
-30 114 116 118 120

106 108 110 112

mH(GeV/cz)
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Test Statistic (LEP, remember last lecture)

AT

Karlsruhe Institute of Technology

Ly,

Q

Lows =TTy (5™
_Hk; 1(
e
—2mQ =2Y3, (s

(5k+bk) k —(Sk-l—bk)

!

" —bk an b By
J=1 by

T2

Sk Sk+br Bk

Sp+bk

o Z?ﬁl

Sk Sk+bi By
br B

SkSk

)

1n<1—|—b

20

signal

|5

S S S
= = (—]
w = wn
T ] T

Probability density

S

=

=
T

0.01 -

LEP

my, = 110 GeV/e?

47

60

20

)
X012+ LEP L,
72! r —— Observed my =115 GeV/e
5 ------- Expected for background
= 0.1F -+ Expected for signal
o . plus background
N N
b = 0.08 |
t =
1]
=
< 0.06 -
|
=9
0.04 -
0.02 -
1 L B_L U DL I L 1 L
40 60 -15 -10 0 5 10 15
-2 In(Q) -2 In(Q)

0

210

background

' —— Observed

Foommmem Expected for hackgmund 1
Expected for signal p]us b llk eround

106 108 ll(l

114 116 118 120

mH(GeV/cz)
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Test Statistic (LEP, remember last lecture)

AT

Karlsruhe Institute of Technology

Ly _Hk; 1(
Q

!

s+b—Hk: 1(

g

e H?i1
— s—|—b Hk | ( — Sk
—2mQ =2Y3, (s

(5k+bk) k —(Sk-l—bk)

Sk Sk+br Bk

T2

Sp+bk

b By
by
. an Sk Sk+bi By
J=1 b, B

o Z?ﬁl

2 (14 28))

)

el & &
= = =
& = b

Probability density

0.01

48

LEP
my, = 110 GeV/e?

T

60

40

-2In(Q)

60

Probability density

£
o
=

0.02

—— Observed

LEP
my, = 115 GeV/c*

Expected for background

-+ Expected for signal

plus background

-15

-2 In(Q)

10

signal

230 Lol

=
b
tn

Probability density

e
=

0.05

0

210

F o
L <
r =2
o
[ S
r O
2
£ O
E o !
— i
E —— Observed E
0 £ 7 Expected for hackgmund N
- r - Expected for signal p]us background 1&_
ST I P T
106 108 110 112 114 116 118 120
2
m,(GeV/c)
LEP

my, = 120 GeV/e*

|

e

"6 4 2 0 2 4 6

-2 In(Q)
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Result (Final Word from LEP)

AT

Karlsruhe Institute of Technology

10
10

3
10 80 85 90 95 100 105 110 115 120

m, (GeV/c?)

p-value:

1-CL,

R . [T, O K SOOI SO, = S F

* No signal observed!

49

" CLar .
CLs-limit (CLs = =517):

S
—
LL

_III IIIIIII IIIIIII|III|III|III|III
=
O f LEP '
10 = 3
of ]
10 L —— Observed ]
§ - Expected for ;
B background A
4F 4
5: ]
10 E
6: o ]
10 T N NN NN N N 11 ST N
100 102 104 106 108 110 112 114 116 118 120

m,(GeV/c?)

Institute of Experimental Particle Physics (IEKP)



Result (Final Word from LEP)

AT

Karlsruhe Institute of Technology

p-value:
Z;2 1 &= =
— £

10

10

................................. 35

3 : : : : : :
| I [ i L L1 h i ] i Lol | LLid I i1 I
10 80 85 90 95 100 105 110 115 120

m, (GeV/c?)

e Tl
CLs-limit (CLs = =577):

LEP

T IIHIIII T IIIIIII| T IIHIII' T IIIIIII| LILIL !Illl T TTTIT

—— Observed

------- Expected for
background
my >
114.4
1115.3

1 II|I|I|| | ||||III| (] II|I|I|J | ||||Il|| 1 11 I|I|| 111

.|‘1:r|”||||||||

2

112 114 116 118 120

m,(GeV/c?)

* No signal observed! There is a 20 effect, but this is not compatible with the SM.

50
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Direct Searches @ Tevatron

AT

Karlsruhe Institute of Technology

* Also @ Tevatron searches have been
conducted at /s = 1.96 TeV:

e Luminosity: £, < 10 fb~!

51
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Direct Searches @ Tevatron

AT

Karlsruhe Institute of Technology

* Also @ Tevatron searches have been

conducted at /s = 1.96 TeV:

e Luminosity: £, < 10 fb~!

52

125 GeV

~ 1/960'000 GeV

.
~ 0.00

0.8

0.6 O\

04

02

‘\xg (% 0.05)

X8 (x0.03)

Q' =10 GeV*

—— HERAPDF10

- exp. uncert.

model uncert.

‘ | parametrization uncert.
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Direct Searches @ Tevatron ..\X‘(IT

Karlsruhe Institute of Technology

* Also @ Tevatron searches have been ¢ = 10 Gev?
conducted at \/S — 1.96 TeV: _ i
_ 125 GeV ~ 0.06 ‘ |mudelutm.:er:.. .

i 1 — €r = / /
* Luminosity: £, < 10 fb™" 17960000 CeV

Cxg (x 0.05)

04

* Production/decay modes: 28 x0e9
gg — H, q¢ — H, qq — V H, qﬁ%tﬂ—[ il

H—b, H—=-7m, H—-WW, H—=ZZ, H— vy

10

5(' T T T % T T T T T 7T L LI L
o - 5 ' -% C [ILLR, £1sd. Tevatron Run I, L_ <10 fo
sS40 % 30 [ LLR, +2sd. SM Higgs Combination
L e f
30 o - === LLR, == LLR,
20 L E 20 |~ --- LLRg,, - LLRmH=125GeW02
T '
10 - o 10 '
: 9 et
0 ; K ] 0 -.il ----------- LT
-10 } —: oA ':'.:.l.-—-
F —— Observed ] gl S ~~ .~
20 Eooeeee ExpSEZted for backgronind 4; 16 H S -~
B r - Expected for signal _p]us background 1 : : ‘\‘ 'r'
230 :I L by o b 0 l".‘l P TR R B : | | L | | | | § | | § | | |‘~-|' . L | . L L
106 108 110 112 114 116 118 120 100 120 140 160 180 200
2 2
m,(GeV/c") m(GeV/c®)
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Direct Searches @ Tevatron ..\X‘(IT

Karlsruhe Institute of Technology

* Also @ Tevatron searches have been ¢ = 10 Gev?
conducted at /s = 1.96 TeV: _ e
125 GeV model uncert.
. . _ xr = 7, / ~ O . 06 W \ parametrization uncert. xu,
e Luminosity: L < 10 fb™! 17960000 GeV |
* Production/decay modes:
H—b, H—=7mr H—-WW, H—=ZZ, H— vy e >~
850 N Y 2 LLR, +1 sd. TevatronF{unII,lesmfb‘1
E‘“' s T3 [ ILLR, *+2s.d. SM Higgs Combination
N o 3 . . .
< o £ | Will be discussed in more
L [0)] g =
® < detail in the next lectures.
10 - o 10
g 93 e
0 - L
N . ] 0 -
ST 3 -
F —— Observed d ] . F
-20 ;_ :"- f:ﬁ:ﬁj:‘:‘ :Ji?;;l;?;)i::huckgmuml 4_- IU r E
B0 Beleli bt R R B R R
106 108 110 112 114 116 118 120 100 120 140 160 180 200
m,(GeV/c’) m,(GeV/c?)
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Result (Final Word from Tevatron)

AT

Karlsruhe Institute of Technology

4c

p-value:
3 10° E Tevatron Run Il, leg 10fb"! === Observed
m .
> 102 & SM Higgs Combination ===+ Expected w/ Higgs
o 7 Expected+ 1 s.d.
2 10E --- oy x 1.0 (m =125 GeVi/c?) | Expected+ 2 s.d.
3 --- o, x 1.5 (m =125 GeV/c?)
pust 1 H
2
g 10
m
102
109 e e e
10
10° ., | ol
100 120 140 160 180 200
m,, (GeV/c?)

—t
o

95% C.L. Limit/'SM

CLS+b .

CL-limit (CL, = £,

[ = Observed

| === Expected w/o Higgs
- [ Expected £ 1 s.d.

[ [ ] Expected + 2 s.d.
== Expected if m, =125 GeV/c

Tevatron Run I, L, <10 o
SM Higgs combination

L | L L
180 200
m,, (GeV/c?)

L 1 L L | L L 1 L L | L
100 120 140 160

* Sensitivity of Tevatron results driven by q¢ — VH, H — bb .

« 2 30 evidence for a Higgs boson around my =~ 120 GeV, =~ 1.5ogM.
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Result (Final Word from Tevatron)

AT

Karlsruhe Institute of Technology

* Sensitivity of Tevatron results driven by qq -

« 2 30 evidence for a Higgs boson around n

56

p-value:

3 10° E Tevatron Run I, leg 10 fb! == Observed
= .
> 102 & SM Higgs Combination ---- Expected w/ Higgs
o 7 Expected+ 1 s.d.
E 10 -==-0,x10 (mH=125 GeV/c?) | | Expected + 2 s.d.
3 --- o, % 1.5 (m =125 GeV/c?)
sl 1 H 0
oj IIII‘IIIIIIIIIIIIIIIIII\IIIIIIIII
9 10" S [P
©
m S -

102 =

10° R e e

10

10° A v 20

120 140 80 85 ./
my, (GeV/c?) 4 T
10 ———..Observed

- Expected for signil plus hackground -
Expected for backgroun

3¢

-3
10 8 85 90 95 100 105 110 115 120

m,(GeV/c?)
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Concluding Remarks ﬂ(".

Karlsruhe Institute of Technology

* The hunt for the Higgs boson had begun in the LEP-II era already.

* We had already good hints where to expect the Higgs (according to the SM) from
high precision Z-pole measurements.

* Direct searches @ LEP and @
Tevatron remained inconclusive,
since the Higgs boson was out of
reach.

e 2010 the dishes were set for the
final round...
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Sneak Preview for Next Week _\g(“.

Karlsruhe Institute of Technology

* From the next lecture on we will discuss the Higgs discovery at the LHC, the first
determination of its properties and perspectives for further surprises in the Higgs

sector.
* During the last time slots of the lecture series you will have the chance to study
first hand literature on the discovery, with our help.

* Presentations should be in electronic form and of ~20 minutes duration, including
discussion. Take it serious. You can discuss your oeuvre with us well in advance
of your presentation. Send your slides well in advance to roger.wolf@cern.ch.
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Distribution of Seminar Talks -\\J(IT

* Precision Electroweak Measurements at the Z Resonance.

e Search for the SM Higgs boson at LEP.

* Search for the SM Higgs boson in the di-photon final sate.

* Search for the SM Higgs boson in the ZZ final state.

* Search for the SM Higgs boson in the WW final state.

* Search for the SM Higgs boson in the di-tau final state.

* Search for the SM Higgs boson in the final state with two b-quarks.

* Search for the SM Higgs boson in the di-muon final state.

* Search for the SM Higgs boson produced in association with top quarks.

* Search for a Higgs boson decaying into invisible particles.
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Distribution of Seminar Talks ..\\J(IT

itute of Technology

* Search for neutral MSSM Higgs bosons in the di-tau final state.

* Search for the decay H—hh, A—Zh in multilepton and photon final states.

Seminar Dates: Thursday 03.07. ; Tuesday 08.07. ; Thursday 10.07.
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Backup & Homework Solutions ..\X‘(IT
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